eukaryotes. It has been reported that c-di-AMP released by intracellular pathogens, such as Listeria monocytogenes and Mycobacterium tuberculosis, activates the hosts' immune system by triggering a type I interferon response (Woodward, Iavarone, & Portnoy, 2010; Yang et al., 2014) . Amongst cyclic nucleotide-based second messengers, c-di-AMP has a unique position as it is (under standard growth conditions) the only second messenger that is essential for the vast majority of species that produce it (Blötz et al., 2017; Chaudhuri et al., 2009; Luo & Helmann, 2012; Song et al., 2005; Whiteley, Pollock, & Portnoy, 2015) . In addition, the intracellular level of c-di-AMP needs to be tightly regulated as both decreased and increased amounts of c-di-AMP in the cytoplasm cause severe negative effects on the cells (Gundlach et al., 2015; Huynh & Woodward, 2016) .
In vivo, c-di-AMP is synthesized from two molecules of adenosine triphosphate (ATP) by diadenylate cyclases (DACs) (Witte et al., 2008) , and is degraded to two molecules of adenosine monophosphate (AMP) by phosphodiesterases (PDEs) (Manikandan et al., 2014) . Phylogenetic analysis has revealed several classes of DACs, all of which contain a conserved DAC domain (also called DisA_N domain [Pfam: PF02457] ) in addition to several other functionally different domains (Commichau, Heidemann, Ficner, & Stülke, 2018; . Hypothetical proteins containing predicted DAC domains are present in diverse bacterial but also some archaeal species of the phylum Euryarchaeota, in which a previous study identified five unique putative DAC classes (DacV-DacZ) . For the archaeal DacY class (also referred to as CdaZ class ) it has been shown that a representative of this class, CdaZ from Methanocaldococcus jannaschii, exhibits DAC activity when expressed in a heterologous host Kellenberger, Chen, Whiteley, Portnoy, & Hammond, 2015) .
However, the actual production of c-di-AMP in vivo has not been reported for any archaeal species so far.
Research on cyclic nucleotides started with the discovery of cyclic AMP (cAMP) in 1956 (Sutherland & Wosilait, 1956 ).
Since then, various cyclic nucleotide second messengers and their corresponding signaling pathways have been revealed in bacteria and eukaryotes. However, surprisingly little is known about the presence and molecular function of cyclic nucleotides in archaea. In 1986, the presence of cAMP was reported in the archaeal species Methanobacterium thermautotrophicus,
Sulfolobus solfataricus, and Haloferax volcanii (then referred to as
Halobacterium volcanii) (Leichtling, Rickenberg, Seely, Fahrney, & Pace, 1986) , and cAMP levels have also been investigated in Halobacterium salinarum where a cell cycle-dependent fluctuation of the intracellular cAMP concentration has been observed (Baumann, Lange, & Soppa, 2007) . Another cyclic nucleotide that has been characterized in archaea is cyclic oligoadenylate, which has been shown to be involved in type III clustered regularly interspaced short palindromic repeats (CRISPR)-mediated immunity in S. solfataricus (Rouillon, Athukoralage, Graham, Grüschow, & White, 2018) . Comparative genome analyses have predicted different cyclases, including DACs, in additional archaeal species Shenroy & Visweswariah, 2004) .
However, to our knowledge, the above three mentioned studies represent the only direct in vivo evidence on any cyclic nucleotides in archaea to date.
In this study, we show that c-di-AMP is produced by the euryarchaeon H. volcanii, which is the first direct evidence on the in vivo presence of this cyclic nucleotide in an archaeal species.
The genome of H. volcanii encodes a single DAC belonging to the proposed DacZ subfamily . The dacZ gene is constantly expressed at different growth phases in rich and selective media. Additionally, the gene is essential indicating that c-di-AMP is essential for H. volcanii, as reported for various bacteria. Overexpression of DacZ caused cell death suggesting the need for tight regulation of intracellular c-di-AMP levels. Data on in vitro enzymatic activity of heterologously expressed DacZ confirmed its identity as DAC. To investigate the function of c-di-AMP-related signaling in H. volcanii, the expression of dacZ in media containing low sodium chloride concentrations was modulated using two different tryptophan-inducible promoters; this revealed a possible link between intracellular c-di-AMP levels and osmohomeostasis.
| MATERIAL AND ME THODS
Unless stated otherwise all chemicals were purchased from Carl Roth.
| Strains and growth conditions
Haloferax volcanii strains were either grown in rich Yeast extract, Peptone, Casamino acids (YPC) (Allers, Ngo, Mevarech, & Lloyd, 2004) (Allers et al., 2004 ) (0.5 g/L Bacto™ Casamino acids; pH 7.2 adjusted with KOH) medium modified with an expanded trace element solution (referred to as CAB) (Duggin et al., 2015) . Strains were grown at 45°C in liquid medium rotating (volumes up to 5 ml) or shaking (volumes > 5 ml). Strains with auxotrophic marker deletions were grown in CAB medium supplemented with the respective compound (50 µg/ml uracil [Sigma] for ΔpyrE2; 50 µg/ml tryptophan for ΔtrpA; 40 µg/ml thymidine & hypoxanthine [Sigma] for ΔhdrB).
For CAB media with defined NaCl concentrations (concentrations of other components were not altered) used in salt stress experiments (1.8 M: hypo-salt; 2.5 M: standard-salt; 4.5 M: highsalt), media without NaCl and with 5 M NaCl were mixed in defined proportions to obtain media with the desired final NaCl concentration.
Escherichia coli strains were cultivated in Lysogeny Broth-medium (LB-medium Luria/Miller) (Miller, 1971) supplemented with antibiotics if necessary (100 µg/ml ampicillin; 25 µg/ml kanamycin; 30 µg/ml chlorampenicol) at 37°C under constant shaking.
All strains used in this study are listed in Table A1 .
| Plasmid construction
Plasmids transformed into H. volcanii were cloned using classical restriction enzyme-based molecular cloning. Inserts were amplified from wild type (H26) genomic DNA (isolated as described previously (Allers et al., 2004) ) via polymerase chain reaction (PCR) using PHUSION® polymerase (NEB). All restriction endonucleases used were purchased from NEB. Restriction enzyme digestions and PCR were performed according to the manufacturer's protocols. All plasmids transformed to H. volcanii were isolated from
Plasmids for heterologous protein overexpression in E. coli were cloned using FX-cloning system as described earlier (Geertsma & Dutzler, 2011) . Primers, backbones, and restriction enzymes used are summarized in Tables A2 and A3 .
| Genetic manipulation of H. volcanii and creation of deletion mutants
Transformation and construction of deletion mutants in H. volcanii H26 based on selection with uracil were performed as described previously (Allers et al., 2004) . In brief: pTA131-based deletion constructs, carrying a pyrE2-cassette and the desired knock-out construct consisting out of ~500 bp upstream and downstream flanking regions of the target gene, were transformed to the desired background strain.
Transformed cells were plated on selective CA plates and incubated for 5 days. Single pop-in colonies were restreaked on CA plates and, following a 3-day incubation, cell material was inoculated in 5 ml-rich YPC medium for unselective growth to relieve selective pressure for the pyrE2 cassette on the integrated plasmid. Nonselective growth in YPC was repeated three times o/n. Selection for pop-out cells was achieved by plating on CA medium containing 50 µg/ml 5-fluoroorotic acid (5-FOA) (Fermentas) and 10 µg/ml uracil. After incubation for 5 days, up to 100 cells were transferred to a YPC plate and incubated for 2 days. These colonies were subjected to a colony blot hybridization on a Zeta®-Probe GT blotting membrane (BioRad). DNA was UV cross-linked to the membrane at 120 mJ/cm 2 . Subsequently, the membrane was subjected to pre-hybridization and hybridization using the DIG (Digoxigenin) High Prime DNA labelling and detection starter kit II (Roche) according to the manufacturer's protocol. Colonies which did not hybridize to the probe were grown in 5 ml YPC for isolation of genomic DNA. Gene deletions were validated via PCR analysis using primers annealing outside of the flanking regions used in the knock-out plasmid. PCR products of putative deletion strains were compared to corresponding PCR products of the wild type strain H26
and verified through sequencing.
Creation of mutants with an exchange of the native promotor of dacZ with the tryptophan-inducible promotor (p.tnaA) (Large et al., 2007 ) used an integrative approach described previously (Skowyra & MacNeill, 2012) . Briefly, the coding sequence of dacZ was cloned in pTA1369 (induction with p.tnaA)/pTA1451 (induction with p.tnaM3); pTA1369 and pTA1451 are shown in Figure A11 . The resulting inducible gene + hdrB marker construct was digested with
BglII and inserted at the BamHI site located between the upstream and downstream flanking regions of dacZ in the dacZ gene deletion construct (pSVA3930). Transformation and pop-in procedure in H98
were performed as described for gene deletion trials. Correct upstream pop-in position and orientation were examined using PCR.
Pop-out procedure was performed as described above with maintained selection for hdrB. 5-FOA R colonies were checked for promotor exchange by PCR and sequencing.
Verification of dacZs essentiality based on a in trans complementation approach reported previously (Lestini, Duan, & Allers, 2010) . In brief: The triple auxotroph strain H99 (ΔpyrE2; ΔtrpA;
ΔhdrB) was transformed with a trpA-marked dacZ deletion construct (pSVA5420). The resulting pop-in strain HTQ409 was transformed with the episomal plasmids pSVA5421 (pTA356 + dacZ), pSVA5422
(pTA409 + dacZ), and corresponding empty backbone controls.
The pop-out procedure for pSVA5421 and pTA356 (Norais et al., 2007) was performed in medium without thymidine. Pop-outs for pSVA5422 and pTA409 (Delmas, Shunburne, Ngo, & Allers, 2009 ) in medium with thymidine (releasing selection pressure for hdrB). For each construct, 5-FOA R colonies were checked for complete deletion of dacZ from its chromosomal locus by PCR and sequencing.
Additionally, complete deletion was confirmed by specific restriction digest (using StuI + EcoRV) and Southern Blotting. To demonstrate essentiality of dacZ, the genomic dacZ deletion strain carrying pSVA5421 (HTQ413) was grown three times overnight in liquid CA + uracil + thymidine & hypoxanthine followed by two consecutive rounds of growth on nonselective CA + uracil + thymidine & hypoxanthine plates to allow loss of pSVA5421. As a control for plasmid loss, H98 (ΔpyrE2; ΔhdrB) was also transformed with pSVA5421
and subjected to identical unselective growth conditions. Loss of plasmid was checked by transferring nonselectively grown colonies to selective plates without thymidine & hypoxanthine.
| Phase-contrast light microscopy and cell shape quantification
Haloferax volcanii cells were imaged at a magnification of 1000x using an Axio Observer.Z1 inverted microscope (Zeiss were used for cell morphology evaluation. Evaluation of cell shape was performed using Fiji (Schindelin et al., 2012) in combination with the MicrobeJ plug-in (Ducret, Quardokus, & Brun, 2016 
| c-di-AMP extraction from H. volcanii cells
The extraction of c-di-AMP from H. volcanii cells was performed as described previously (Spangler, Böhm, Jenal, Seifert, & Kaever, 2010 (Mehne et al., 2013) . The measured concentration of c-di-AMP was normalized for each cell extract sample to the total protein concentration of the respective sample. 
| Heterologous expression and purification of DacZ

| In vitro activity determination of DacZ by thinlayer chromatography using [α-32 P]ATP
In vitro DAC activity assays and detection of radioactive c-di-AMP were adapted from Bai et al (Bai et al., 2012) . DacZ activity as- overnight. Imaging plates were developed using a Typhoon FLA 9500 (GE Healthcare).
| In vitro activity of DacZ and product verification by LC-MS/MS
To verify c-di-AMP as in vitro DacZ product, assays were performed using an identical setup as described in the preceding section. However, the total volume of the assay was increased to 350 µl and 100 µmol/L ATP was added. The assay was incu- 
| RE SULTS
| The genome of H. volcanii encodes for one putative DAC belonging to the DacZ/CdaZ subfamily
Putative DAC genes are present in various euryarchaeal genomes and, similarly to bacterial DACs, they have been previously classified according to their attached domains .
Analysis of the genome of the euryarchaeal model organism H. volcanii DS2 (Hartman et al., 2010) 
| Heterologously expressed DacZ shows manganese-dependent in vitro DAC activity
In order to investigate whether the H. volcanii dacZ encodes an active DAC, the coding sequence of dacZ was cloned into the expression vector p7XNH3, which adds a 10x histidine-tag to the N-terminus of the protein. Expression in conventional LB medium did not yield any soluble protein ( Figure A3a ) as the high-salt environment adapted DacZ from H. volcanii most likely misfolded in the cytoplasm of E. coli. However, it is known that the addition of osmotically active substances (i.e., sucrose) to the medium increases the intracellular concentration of K + ions and organic counterions in E. coli (Lucht & Bremer, 1994; McLaggan, Naprstek, Buurman, & Epstein, 1994) . This increased intracellular osmolarity is likely to assist the proper folding of proteins from halophilic organisms as their native hosts naturally exhibit increased osmolarities in their cytoplasm as well (Oren, 2008) . which was used as heterologous host for protein expression, does not possess any DACs (Corrigan et al., 2011) . Therefore, the DAC activity observed in vitro originated from the haloarchaeal DacZ, confirming its identity as c-di-AMP producing DAC.
| c-di-AMP is essential and its levels need to be tightly regulated
Several studies showed that DAC genes in bacteria are essential and cannot be deleted under standard growth conditions (Commichau ble to obtain a ΔdacZ strain via the standard pop-in/pop-out method (Allers et al., 2004) . In all halobacteria, the dacZ gene is found in an operon with the mscS2 gene ( Figure A1 ). Deletion of the predicted dacZ + mscS2 operon also failed, but a single gene deletion of mscS2 could be obtained (Strain: HTQ412 ] and subsequently subjected to identical unselective growth conditions. In these control experiments, several colonies auxotrophic for thymidine and hypoxanthine could be detected ( Figure A7b ). In three biological replicates of the control experiments, a mean loss-of-plasmid-frequency of 64.56 ± 2.05% was determined. This proved that retention of the plasmid-encoded dacZ gene is essential for the genomic dacZ deletion strain (Lestini et al., 2010) .
The fact that the dacZ gene is essential indicates that a certain level of c-di-AMP is essential for the viability of H. volcanii. For bacteria, it has been reported that increased levels of c-di-AMP have a harmful effect on the cells (Gundlach et al., 2015) . was introduced in the overexpression plasmid as such a mutation is expected to abolish DAC activity (Rosenberg et al., 2015) . This construct could be transformed into H. volcanii and yielded positive colonies, but they were smaller than those containing the empty vector control (Figure 3a ; Figure A8 ). The expression of DacZ(D 194 A) was also confirmed by SDS-PAGE and Western Blot analysis, making use of a 6x histidine-tag fused to the N-terminus (Figure 3b,c) . This result suggested that increased expression of wild type DacZ leading to increased intracellular c-di-AMP levels is lethal for H. volcanii.
| Changed intracellular c-di-AMP levels causes increased cell volume in medium with low sodium chloride concentration
Because neither gene deletion nor overexpression of dacZ had been possible, a promotor exchange approach (Skowyra & MacNeill, 2012 ) was used to examine the effects of altered intracellular cdi-AMP levels. Two mutant strains were created where the native promotor of dacZ was replaced with the tryptophan-inducible promotor (p.tnaA) of the tryptophanase gene tnaA (HVO_0789) (Large et al., 2007) or, respectively, with a genetically engineered version of p.tnaA with ~50% reduced activity (with regard to p.tnaA) (p.tnaM3) The conservation of a predicted operon containing a DAC and an msc gene in various Haloarchaea suggests that c-di-AMP-related signaling might be involved in the regulation of osmotic homeostasis. In order to test this hypothesis, the p.tnaA-dacZ strain, the p.tnaM3-dacZ strain, and the wild type as a control were subjected to growth in CAB medium with low (1.8 M: hypo-salt) and increased (4.5 M: high-salt) NaCl concentration. All three strains exhibited equal growth in high-salt medium ( Figure A9 ). However, in hyposalt medium, a growth phenotype for both mutants was observed (Figure 4b ). In comparison to the wild type, the p.tnaA-dacZ strain exhibited in general slightly elevated OD 600 values in this condition.
The p.tnaM3-induced mutant had a different phenotype as it exhibited a prolonged lag phase followed by an extended exponential phase that peaked at an increased maximal OD. Additional analysis of the c-di-AMP levels of hypo-salt medium stationary grown wild type, p.tnaA-dacZ, and p.tnaM3-dacZ cultures closely resembled the levels measured for growth in standard-salt medium ( Figure 4c ).
All three strains exhibited similar concentrations of c-di-AMP for growth in hypo-and standard-salt medium with a slight tendency for increased c-di-AMP levels in hypo-salt conditions. However, only for the p.tnaA-induced strain, a significant difference between hypo-and standard-salt c-di-AMP levels could be detected. The observation that the decreased intracellular c-di-AMP levels of the two mutant strains also occurred in hypo-salt conditions suggested that the observed growth phenotypes are linked to the changes in the c-di-AMP levels. To investigate the hypo-salt phenotype further, stationary phase cells were analyzed using phase-contrast light microscopy. The cells of the p.tnaM3-induced mutant were round but had an increased cell area (Figure 5c ), compared to the wild type ( Figure 5a ) and p.tnaA-dacZ cells (Figure 5b ). Quantification of cell area ( Figure 5d ) and circularity ( Figure 5e ) confirmed that p.tnaM3-dacZ cells were round (and not rod-shaped and/or elongated which would also cause an increased cell area), like the wild type and p.tnaA-dacZ cells, but in general bigger. Notably, there was a population among the analyzed p.tnaM3-induced cells that exhibited a greatly increased cell area, suggesting that the increased OD 600 values observed for this strain were caused by a swelling of the cells rather than elevated growth levels.
As mentioned earlier, the conservation of a predicted operon of a DAC and an msc gene in haloarchaea suggests the involvement of c-di-AMP-related signaling in osmotic homeostasis. To examine the role of the operonic msc gene and to exclude the possibility that the observed phenotypes of the p.tnaA-dacZ strain and the p.tnaM3-dacZ strain were rather caused by changes in expression of mscS2 than dacZ, the ΔmscS2 strain was also subjected to growth in hypo-, standard-, and high-salt medium. This strain showed no growth phenotype in standard-and high-salt medium ( Figure A10b,c) . However, at hypo-salt conditions, the strain showed a phenotype that was distinct from the phenotypes of the p.tnaA-, respectively, p.tnaM3-induced strain as it exhibited slightly reduced growth ( Figure A10a ), suggesting an in general decreased adaption to low salt conditions.
| D ISCUSS I ON
This study provides the first direct evidence for the in vivo presence is comparable to that reported for bacterial species. It was similar to levels in wild type Bacillus subtilis (5.6 ± 2.82 ng/mg protein) (Mehne et al., 2013) , however, considerably lower than the measurements in Staphylococcus aureus (~140 ng/mg protein) (Bowman, Zeden, Schuster, Kaever, & Gründling, 2016) .
All c-di-AMP-producing DACs share a conserved DAC domain (also known as DisA_N) that catalyzes the reaction of two ATP to form c-di-AMP. Several different families of DACs have been identified, which all differ in their additional regulatory domain . So far, members of four bacterial DAC classes have been characterized in more detail: DisA (Witte et al., 2008) , DacA/CdaA (Rosenberg et al., 2015) , DacB/CdaS (Mehne et al., 2014) , and CdaM (Blötz et al., 2017) . Additionally, DAC activity has been demonstrated for a representative of the archaeal DacY/CdaZ class (Kellenberger et al., 2015) . For bacterial DACs, it has been reported that the aspartic acid within the highly conserved DGA motif interacts with an ATP molecule bound to a second DAC molecule (Rosenberg et al., 2015) . As this motif is also conserved in the haloarchaeal (and other euryarchaeal) DacZ it suggests that this DAC also forms dimers or higher oligomers to catalyze the formation of c-di-AMP. Contrary to biochemically characterized bacterial DAC representatives, which were reported to have a certain promiscuity for their metal cofactor (Bai et al., 2012; Rosenberg et al., 2015) , DacZ from H. volcanii exhibited activity exclusively with manganese. A phylogenetic analysis of the DAC domain of proteins related to DacZ from H. volcanii showed that homologs are presents in almost all euryarchaea and in some bacteria and that, remarkably, structure prediction methods revealed that the N-terminal domain has, despite low sequence homology, a fold that resembles the pyruvate kinase C-terminal α/β domain (PK_C) fold. This domain is also found in DAC representatives of the DacY/CdaZ class suggesting that the archaeal DAC classes DacZ and DacY/CdaZ form one large family that is not exclusively found in archaea but also in some bacteria ( Figure A1 ). The PK_C fold was initially identified to bind fructose-1,6-bisphosphate to allosterically regulate the activity of pyruvate kinase. Alternatively, the putative pyruvate kinase (AF0103) from Archaeoglobus fulgidus (PDB:
1VP8) was shown to bind flavin mononucleotide (JCSG, n.d.) . This suggests a regulatory role for this N-terminal domain.
Various studies in bacterial model organisms have shown that both a complete deletion of c-di-AMP (by deletion of DACs) and increased levels of the nucleotide are lethal for cells under standard growth conditions, which has earned c-di-AMP the name of "an essential poison" (Gundlach et al., 2015) . The results presented in this study suggest that this is also the case for H. volcanii. However, for species where c-di-AMP-related signaling was described in more detail, conditions were found under which DAC(s) could be deleted Whiteley et al., 2015) . Therefore, it is possible that under certain conditions, a deletion of dacZ, and thereby c-di-AMP, in H. volcanii could be accomplished.
Nevertheless, for standard growth conditions c-di-AMP is essential, suggesting its involvement in a vital cellular function. In order to survive in their high salinity habitats, haloarchaea like H. volcanii concentrate high amounts of potassium chloride in their cytoplasm to balance the high osmolarity of the surrounding environment (Meury & Kohiyama, 1989; Thombre, Shinde, Oke, Dhar, & Shouche, 2016) .
Results tendency to an increase of intracellular c-di-AMP in hypo-salt conditions could be observed. Even though the difference was statistically not significant it supports the theory that a decrease in c-di-AMP concentration leads to an uncontrolled osmolyte influx as, in turn, increased c-di-AMP levels in the wild type grown in hypo-salt conditions would cause a reduced import of osmolytes equivalent to an adaption to the reduced osmolarity of the surrounding environment.
As the mscS2 gene lies in a predicted operon with dacZ, a change in the promotor for dacZ would most likely also influence expression of the mechanosensitive channel. However, the fact that mscS2 could be deleted under standard growth conditions, indicates that this DAC operon included channel protein is, at least, not one of the main targets of c-di-AMP signaling under the tested conditions. This is also in line with bacterial studies that showed that mechanosensitive channels are rather controlled by means of their expression rate (Booth, 2014; Edwards et al., 2012) , suggesting a function of the mscS2 gene under conditions where increased c-di-AMP levels, and thereby increased expression of the operon dacZ and mscS2, are necessary.
Future experiments will elucidate the targets of c-di-AMP in H. volcanii and uncover the regulatory mechanism, which seems to be important for the osmotic homeostasis in this organism.
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No sequence or proteomic data need to be accessible for this manuscript. , the adenylate cyclase domains were aligned, all positions containing gaps and missing data were eliminated and a phylogenetic tree was constructed (for details see below) using the Maximum Likelihood method based on the Jones-Taylor-Thornton (JTT) matrix-based model (Jones, Taylor, & Thornton, 1992) . A bootstrap consensus tree inferred from 500 replicates is shown. Branches corresponding to partitions reproduced in less than 50% bootstrap replicates are collapsed. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test are shown next to the branches (Felsenstein, 1985) . There were a total of 99 positions in the final dataset. Evolutionary analyses were conducted in MEGA7 (Kumar, Stecher, & Tamura, 2016) . Within the tree, bacteria are indicated in blue, while archaea are indicated in yellow.
O RCI D
On the right side, either the corresponding families of adenylate cycles are indicated (upper part), or the order or class to which the organisms belong is indicated (lower part). The closed circles indicate proteins which are encoded in an operon with a gene encoding a MscS channel. Closed black squares indicate proteins where a N-terminal PK_C pyruvate kinase C-terminal α/β domain was identified via a conserved domain search (Marchler-Bauer et al., 2017; result mode: Full) . Open squares indicate proteins for which the Swiss-model server (https://swissmodel.expasy.org) (Waterhouse et al., 2018) predicts an N-terminal PK_C pyruvate kinase C-terminal α/β domain. Detailed method: H. volcanii DacZ was blasted against the NCBI non redundant database and the first 1,000 hits were selected and sequences with a similarity above 99% were removed, resulting in 600 sequences. Then, 10 representatives of the bacterial DacA/CdaA, DacB/CdaS, DacC, DisA, DacD classes, six representatives of the bacterial DacE, and 1, 2, 3, 10 and 10 representatives of the archaeal DacV, DacW, DacX, DacY/CdaZ and DacZ classes were selected. These sequences were combined and aligned using the MUSCLE algorithm. N-and C-terminal sequences that did not encode for the di-adenylate cyclase domain were removed, sequences were aligned again, and an initial phylogenetic tree was inferred by using the Maximum Likelihood method based on the JTT matrix-based model (Jones et al., 1992) . The bootstrap consensus tree inferred from 500 replicates (Felsenstein, 1985) was taken to represent the evolutionary history of the taxa analyzed (Felsenstein, 1985 High-salt F I G U R E A 11 pTA1369 and pTA1451 are pyrE2-marked vectors used to generate tryptophan-inducible alleles of genes at their native chromosomal locus. They feature a multiple cloning site comprising a tryptophanase promotor p.tnaA in pTA1369 or a reduced activity p.tnaM3 promoter in pTA1451, an optional 6x His tag, and an hdrB marker under a ferredoxin promotor; the multiple cloning site is flanked by BglII sites, so that it can be inserted at the compatible BamHI site between the upstream and downstream flanking sequences of a gene deletion construct
